Abstract
to analyze and reduce.gas chromatographic data~ Improving on the rather primitive manual integration techniques, specialized instrumentation has been developed, such as electronic, analog or hybrid integrators [1] , and large-scale digital computer-based analyzers [2] . While the former methods are typically low cost, they The off-line approach to data analysis (i.e., storing data in a digital compatible media for later analysis by a computer program) has been widely used due to its relative low cost. and operational simplicity. However, while the availability of large-scale computers generally allows easy-to-develop, algorithmically sophisticated data reduction programs [5] , the time delay involved before results become available often necessitates costly reconstruction of experiments; the delays are intolerable in process-control applications of gas chromatographic analysis. The impossibility of using off-line data reduction in interactive monitoring and control applications of gas chromatography is an inherent limitation of this approach. The only other analytical improvement in gas chromatographic science since the late 1960's has been the introduction of the mini -or medium scale, dedicated computer for on-line control and background data analysis. The minicomputer is characterized by high performance and multichannel capability, but also by a prohibitive cost. These features limit this aJ>proach to large laboratory or industry applications. The cost of on-line analytical facilities for gas chromatography has been reduced in the last five years by new minicomputer-based systems [6, 7] , characterized by a lower cost and an automatic reporting facility. Some newsystems even ' have capabilities for multichannel expansions [8] .
Currently, a significant advance in gas chromatographic science is now made feasible by the recent improvements in large-scale integrated circuit technology, whereby it is now possible to produce.
a sophisticated signal processing circuit on a single silicon chipa microprocessor. Microprocessor technology has-reached the point where it is possible to develop microcomputer systems with the performance range of existing minicomputer-based instruments, but in the cost. range of the limited, hardwired process controllers.
This new approac~ promises to efficiently solve the gas chromatograph automation problem even for the small laboratories. Microcomputers have the advantages of high reliability, a high noise immmunity, small size and power requirements and continuous, dedicated service.
The authors have developed a bus-oriented, modular microcomputer built around the INTEL 8008 microprocessor for real-time, on-line gas chromatographic data analysis and also for sampling 0 0
It is appropriate to point out that, while all the alternative systems referenced above operate in ·two logically different stepson-line (or foreground) data logging on later (or background) data reduction --the authors tried a completely different approach.
Data acquisition and reduction·are both performed in real-time under software control, avoiding the storage of nearly all of the gas chromatographic data. Furthermore, the flexible, interface-oriented architecture of this microcomputer systemallowed another significant achievement in gas chromatograph instrumentation, until now featured only in the more sophisticated and expensive systems •. This is the totally automated operation of the gas chromatograph~ inclu~ing the sampling procedure, the control of the column temper~ture as a function of time, and data reduction.
This article describes the microcomputer system, both from the hardware and software points of view. A comparison of results with a conventional off-line-analysis program is presented and easyto-achieve system improvements, such as critically mergedpeak resolution, are discussed.
The Microcomputer System
A microcomputer system based on the Intel 8008 microprocessor was constructed using the bin-oriented modular appoached developed at the Lawrence Livermore Laboratory [9] . In this system, logic cards supporting integrated circuits are connected together by a fourteen-wire bus controlling input, output, memory storage and timing functions. The modular approach is ideal for trouble-shooting -4-and for adaptability to different processes.
The overall microcomputer system for gas chromatography is shown schematically in Fig. 1 . Special-purpose circuits were constructed for the present application. These include a real-time clock, a digital voltmeter (DVM) interface, a process-control signal latch, and control relay circuits. In addition, the system contains standard circuits for data output to a teletype, digital-to-analog conversion and analog multiplexing. The interface modules are shown in Fig. 2 .
A special-purpose operating system was developed for the system to facilitate software programming and. data acquisition [10] . The operating system contains an interactive teletype monitor, and incorporates useful features such as an automatic breakpoint facility Table I . The memory allocations for the control programs described are summarized in Table Il .
The entire system is contained in a one-foot cubed aluminum cabinet containing the microcomputer bin, power supplies, the digital with the 8008 at the source code level) could run the same software 10 times faster.
In addition to the operating system and floating point mathematics subroutines, a set of flexible, easy-to-sequence subroutines was developed and stored in PROM. These subroutines constitute the Gas chromatography Package (GCP). The GCP includes subroutines to perform on-line data acquisition from the DVM at a prede- filter.
When the ~tegration was started, the last value x was saved in memory. The program then began to check for the peak maximum.
Following the peak maximum, the program tested for one of the following end-of-peak conditions, (i) nonnegative slope X >X n -n-2 (2) or (ii) base-line intersection and minimum slope (MSLOP), [ (xn < x + 20') and (xn_ 2 -Xn,) < MSLOP] • (3) Note that all the tests were performed with digitized, non-contiguous
samples to improve the noise-immunity of the algorithms.
The temperature control algorithm could be reset following any gas-chromatogram peak, or at any time anew sample was obtained, More sophisticated software could be developed to program the column temperature, and even direct-digital, closed-loop control of the column temperature is possible with the present system [12] .
Experimental
The microcomputer system was experimentally tested in separate process-control and analytical studies. The program:behavior was throughly tested both by manual input using a special simulation routine and by on-line input to the DVM. The accuracy of chromatographic peak integrati6n was studied with propane-helium and cyclopropanepropane-helium mixtures with known concentrations •.
Chromatograms were produced with a Bec1anan.GC-2A gas chromatograph with a thermal conductivity detector, whose 0-1 mV output was amplified with an extremely stable, high-impedence differential amplifier. The 
Results and Discussion
The tests performed showed that the peak area measured by realtime microcomputer analysis was sensitive to the statistical criteria used whenever the baseline drift was much larger than the standard deviation of the baseline noise. In many runs the entire digital data set was recorded by one of two methods, either by storing the data report in .memory for print-out following the run, or by decreasing the sample rate below 2 Hz • An exemplary print-out in graphical form is shown in Fig. 6 . The character "I" is printed after each data point during the integration routine to defin~ the. range of the detected peak. Following the plot, a summary of output data is printed. The printing of a statistical summary for the integral or for data points preceeding the integral is optional. An example of the latter is shown in Table II .
The results of the integration of gas chromatographic data are summarized in Table III for Table IV ). Both the microcomputer algorithm and the off-line program are susceptible to interpreting noise peaks as real data, a problem which can be overcome by ·input filtering.
The differences can be attributed partly to the methods used to detect the integral end-point. In the off-line program with data smoothing, the base-lipe is computed from the tangent fitted to the smoothed data, whereas in the present microcomputer algorithm the integration is terminated at the first data point where the MSLOP condition is met.
This end-point condition introduces an error of approximately .
. ,, half the integral noise, shown in Table IV , or approximately <0.08%.
A significantly larger error is introduced as round-off error by the present floating point mathematics subroutines. The sample data summary in Table III shows that the round-off error for the conversion frol!lBCD to floating point representation is ~?proximately
Consequently, the accumulated error for 100 data points can be as large as 1%. · This source of error can be significantly reduced by extending the mathematics routines to handle tripleprecision floating point data, at a nominal sacrifice in computation speed.
The detection of noise peaks as real data can be avoided by several means. The microcomputer program could .be easily modified to ignore peaks with area less than a minimum fixed value. !"""·:
""""' ..t::.. 
Conclusion
An on-line microcomputer approach to the problem of automatic analysis and control of gas chromatography have been described in this paper, and a prot9type system has been shown to give peak areas in good agreement ·with off-line analytical methods using data smoothing.
The flexibility of the bus-oriented microcomputer system described was found to facilitate the special purpose hardware implemented such as input-output interfaces, process control latch and real time Actuators.
-- Fig. 1 . Microcomputer system and peripheral equipme~t for analysis and control of gas chromatographs.
-·---·-·· --------~-~~---------,----------'
. . Get a sample (see Fig. 5 ).
Compute mean and standard deviation of last n samples.
{n ~ 16)
No.·
Step Integration.
Test for Maximum.
Yes
Correct integral for baseline skew -· and scale factor.
Output results on TTY. 
